ABSTRACT A novel miniaturized printed folded dipole antenna has been designed and its usefulness as an RFID tag has been demonstrated. It has been shown that the input impedance of the antenna can be engineered to achieve the required complex impedance by employing series-LC loading and unequal arm widths. The end result is a conjugately well-matched 75%-miniaturized folded dipole antenna that does not require an external matching network and exhibits a useful 30.93% radiation efficiency and 8.09 m simulated read range. Experimental validation of a fabricated prototype demonstrates excellent agreement with simulations.
I. INTRODUCTION
Radio Frequency Identification (RFID) technology is a lowcost, battery-less and practical solution for identifying and tracking objects in a fast and secure fashion using the electromagnetic backscattered signal. Although the idea of communicating with an object using a scattered signal was first introduced by H. Stockman in 1948 [1] , it was only following early developments in the 1970s and more recent advances in silicon technology [2] that RFID emerged as a cheap and reliable technology. It is now widely used in applications involving automatic identification and remote tracking of objects including asset identification, distribution and logistics, dielectric sensing, personal healthcare, as well as safety and security [3] - [7] .
Recently, the focus in RFID technology has turned towards reducing fabrication costs and improving sensitivity and efficiency at the same time. One significant contributing factor to the cost is the overall size of the antenna, which in turn stimulates the need for investigation of various antenna miniaturization techniques. However, miniaturizing any practical antenna generally degrades its radiation efficiency, and hence the corresponding read range of the tag. Furthermore, passive RFID tags typically include an Integrated Circuit (IC) chip along with the antenna, which upon interrogation by the reader responds by backscattering its unique signature. ComThe associate editor coordinating the review of this manuscript and approving it for publication was Weiren Zhu. mercially available RFID IC chips are traditionally highly capacitive, which makes RFID a unique example of a sensor technology that requires matching to a complex, rather than a real, input impedance in order to ensure maximum power transfer between the antenna and the chip. Thus, it remains an open challenge for RFID tag designers to realize a reasonable read range at a given miniaturization level, while simultaneously achieving good conjugate matching with respect to a complex input impedance [8] . These design constraints demand a design approach with the flexibility to match to a wide range of complex impedances with only minor structural changes to the antenna.
Dipole-like antennas are often the preferred choices for RFID tags due to their simplicity and low fabrication cost. Miniaturization of dipole antennas is usually accomplished by meandering their arms [9] - [14] , and/or by employing a high-permittivity dielectric substrate [15] . However, an electrically small dipole antenna is inherently capacitive; thus, in order to conjugately match to a capacitive IC chip additional matching networks are usually employed, which help in realizing an overall inductive input impedance for the antenna. Typical examples of these matching networks include the T-match [3] , [14] - [16] , the inductively coupled loop [3] , [12] - [13] , [17] - [18] or the placement of parasitic elements, such as a metal strip, next to the dipole [11] , [18] ; where the dimensions of the matching networks and their positions with respect to the dipole antenna are varied in order to tune the input impedance and achieve good matching.
Naturally inductive folded dipole antennas have also been employed as tag antennas [19] - [21] . In [19] , a miniaturized folded dipole antenna has been reported, where conjugate matching was achieved by applying an intricate bending arrangement of the folded dipole arms that eventually culminated in a circular-shaped load at each end. The input impedance of the antenna was tuned by varying the inner and outer radii of these circular structures. The folded dipole antennas reported in [20] and [21] are optimized for operation in the vicinity of a conductive plane, which is known to degrade the performance of dipole-like antennas when placed in close proximity to the antenna. The folded dipole antenna reported in [20] incorporates multiple folded arms and a tuning stub to achieve matching, whereas the antenna reported in [21] uses offset feeding and one open end in order to realize the necessary input impedance. However, the work described in [21] does not specifically discuss tuning mechanisms that would be needed to realize any arbitrary complex antenna input impedance.
In this paper, a novel 75%-miniaturized (i.e., 0.125λ-long) folded dipole antenna is designed for operation in the UHF ISM band of 902-928 MHz following the impedance engineering technique described in [22] - [23] , and its performance as an RFID tag is experimentally validated. In [22] - [23] , an approach for the design of an inherently matched highly miniaturized folded dipole antenna was proposed, where good matching was enabled by engineering its input impedance through the use of reactive loading and geometrical asymmetries. As such, the antenna did not require an external matching network. However, the procedure described in [22] - [23] was limited to matching real source impedances and focused on the impedance-engineering process without emphasizing any particular application. In contrast, the present work extends the aforementioned technique to enable matching with respect to an arbitrary complex impedance, which not only widens the scope of applicability of the method, but also makes the method extremely amenable to the design of highly miniaturized RFID tag antennas with large read ranges.
Section II presents the design and simulation of the tag antenna, and the fabrication and measurement results are presented in Section III. The paper is concluded in Section V.
II. THEORY AND DESIGN
It is well known that in the input-impedance profile of a folded dipole antenna, there exists an antiresonance (f AR,1 ) before the half-wavelength resonance frequency (f R ). Now, although the input impedance of the folded dipole antenna is inductive in nature at frequencies lower than f AR,1 , it is typically not possible to manipulate both real and imaginary parts of the antenna input impedance simultaneously. Therefore, in order to conjugately match the antenna directly to an arbitrary IC chip that exhibits a small resistance and a large capacitive reactance, some sort of impedance-matching mechanism is necessary. Furthermore, an external matching structure will potentially add losses and increase the overall size of the tag. However, it has been demonstrated in [22] - [23] that the input impedance of a folded dipole antenna that has an almost identical radiation performance as a conventional dipole antenna can be engineered by applying a simple series reactive loading technique, which can be used to one's advantage to realize a highly miniaturized and inherently matched dipole-like RFID tag antenna that would not require an external matching network.
It was reported in [22] - [23] that application of a series capacitive load introduces a new resonance (f R,N ) below f AR,1 , which is essentially the series-LC resonance between the loading capacitance and the antenna inductance below f AR,1 . Then, by applying a series inductive load in conjunction with the aforementioned series capacitive load, the two resonances f R,N and f AR,1 could be shifted to lower frequencies and placed around the target miniaturization frequency, an example of which is shown in Fig. 1 . Finally, by suitably varying the loading values and widths of the individual arms, it was possible to engineer the overall input impedance of the antenna in order to bring f R,N and f AR,1 close to each other, such that good matching could be realized at the target miniaturization frequency with respect to a given real source impedance. However, for the case of an RFID tag, where the antenna needs to be conjugately matched to a complex impedance, the two resonances f R,N and f AR,1 do not need to be in close proximity with each other, and since the input impedance of the antenna is inductive only between f R,N and f AR,1 , conjugate matching may be attained somewhere in this region. In fact, a wider difference between these two resonances will essentially result in a larger range of workable frequencies, over which conjugate matching can be performed by adjusting the real and imaginary parts of the antenna input impedance as functions of the loading reactance values and the widths of individual arms. It was found that if the driven arm is made more inductive and the folded arm more capacitive (which is the opposite loading scheme compared to that used in [22] - [23] ), the difference between the two aforementioned resonances increases.
The length of the antenna was chosen to be l = 41 mm in order to realize a 75%-miniaturized antenna with respect to the center frequency of 915 MHz, implying an electrical length of only 0.125λ. The dielectric substrate used for this design is Megtron 4 R-5725 (ε r = 4.14, tanδ = 0.005) that has a thickness of 40 mil. The traces were assigned the bulk conductivity of copper, with a thickness and surface roughness of 35 µm and 0.2 µm, respectively, to model the practical losses in the conductor. It was decided that the antenna would be designed around the Higgs R 4 chip from Alien Technology, which exhibits an input impedance equivalent to an 1800 resistor and a 0.95 pF capacitor in parallel and a reading sensitivity of −18.5 dBm, which is essentially the wake-up power of the IC [24] . Thus, at 915 MHz, the input impedance of the chip is Z ic = 18.4 − j181.2 .
The goal of this work is to design the 75%-miniaturized folded dipole antenna to exhibit an input impedance Z a that is conjugately matched to Z ic ; i.e., Z a = Z * ic . Hence, the antenna-IC power transfer efficiency τ may be defined as follows [8] :
The parameter τ represents the matching between the antenna and the IC chip, and assumes values between 0 (totally mismatched) to 1 (perfectly matched). The read range of the tag, d tag is essentially derived from the well-known Friis transmission equation, and can be calculated as follows [8] :
where λ is the wavelength corresponding to the operating frequency, χ pol is the polarization mismatch factor, which takes a value of 1 if both the reader and the tag antennas have the same polarization and 0.5 in the case that one of the antennas is circularly polarized and the other is linearly polarized. G r,tag is the realized gain of the tag antenna, and can be given as follows:
where η r,tag and D tag are the radiation efficiency and directivity of the tag, respectively, at the operating frequency. EIRP is the regulated equivalent isotropically radiated power of the reader antenna, and under the RFID emission regulations in North America, the maximum reader EIRP is 4 W [25] . Finally, P ic refers to the wake-up power of the selected IC chip. A fully printed prototype employing meandered inductive loading could be designed for the tag antenna in order to minimize the fabrication cost. However, in this work, discrete lumped inductors are chosen in order to prove the concept and also to reduce the prohibitive computational resources required to simulate the associated fine fully printed features. Two perpendicular segments of length l p were introduced at the inductor loading locations in order to enable adjusting the loading inductance to mitigate issues such as component and fabrication tolerances. Thus, any commercially available inductor with an inductance slightly smaller than the design value could be used. Moreover, it was found that a simple gap of width C g on the folded arm would suffice as the loading capacitor. Both the inductive and capacitive loading elements were placed at a distance l/4 from the antenna ends. A schematic of the proposed RFID tag antenna is shown in Fig. 2 .
Parametric simulations using Ansys HFSS were performed by varying the loading reactance values along with the arm widths in order to achieve an antenna input impedance as close to the target impedance, i.e., Z * ic , as possible. For the desired 75% miniaturization level, the loading inductance was realized using a Coilcraft 0603HP-43N inductor, which has a nominal inductance value of 44.9 nH and quality factor of 72 at 915 MHz. It was found that for w dr = 0.50 mm, w fd = 4.20 mm, C g = 0.25 mm (equivalent capacitance ≈ 4.8 fF), s = 0.25 mm, l p = 0.62 mm, and w p = 1 mm, the antenna exhibited an input impedance of Z a = 24.9 + j181. 7 at 915 MHz, which is very close to Z * ic at the same frequency. This in turn resulted in very good matching at 915 MHz, with corresponding τ = 0.98. A comparison between the provided Z * ic and simulated Z a has been shown in Fig. 3(a) , and the corresponding plot of τ is shown in Fig. 3(b) , over the UHF ISM band from 902 MHz to 928 MHz. Nevertheless, the input impedance of the antenna can easily be re-engineered by slightly manipulating the reactive loading values and/or the arm widths in order to make it operate over a desired range within the universal RFID band of 860-960 MHz.
The current distribution at 915 MHz has been shown in Fig. 4 . It can be seen that, although the currents on the two arms are oppositely directed, the current magnitudes over the driven arm are higher than those on the folded arm, and therefore account for most of the radiation. Thus, although the loop-like current distribution will probably deteriorate the radiation efficiency to some extent, such antiparallel currents are necessary in order to facilitate engineering of the input impedance. The simulated radiation efficiency (η r,tag ) and realized gain (G r,tag ) at 915 MHz were found to be 30.93% and −4.68 dB, respectively, and the corresponding read range (considering a reader EIRP of 4 W) was calculated to be 8.09 m, which is also the maximum in the band.
III. FABRICATION AND MEASUREMENT
The simulated structure was fabricated using an LPKF ProtoLaser U3 laser-milling machine. The lumped discrete induc- tors and the IC chip were soldered onto the fabricated antenna and the fabricated prototype is shown in Fig. 5 .
In order to measure the read range of the tag antenna, a commercially available RHCP patch antenna (MT-242025/TRH/A by MTI Wireless Edge Ltd.) was used as the front end of the reader. The antenna has an operating bandwidth of 865-956 MHz and exhibits a gain of 7.5 dBic in the frequency range of 902-928 MHz [26] . The next section of the reader comprises a ThingMagic M6e Embedded RFID reader module, where the input power of the reader antenna could be varied over a range from 5 dBm to 31.5 dBm [27] . The read-range measurement was performed inside a near-field anechoic chamber manufactured by NSI-MI Inc. This chamber permits a maximum separation between the reader and the tag antennas of approximately 2.5 m, which is much smaller than the simulated read range reported in Sec. II. It was therefore decided to decrease the EIRP of the reader antenna by reducing its input power in order to accommodate the maximum read range within the available distance, which could later be scaled to enable comparison to the maximum simulated value. The tag and the reader antennas were oriented at boresight with respect to each other, as shown in Fig. 6 .
In order to compare the measured read range with the simulated, the measured data were scaled for EIRP = 4 W and the following equation, which can be obtained directly from (2), was used:
Here, d tag,scaled and d tag,meas are the scaled and measured read ranges, respectively. Since the reader and the tag antennas are circularly and linearly polarized, respectively, the value of the polarization efficiency χ pol was set as 0.5. Finally, EIRP meas is the EIRP of the reader antenna with reduced input VOLUME 7, 2019 power P in and can be given as:
where G reader is the gain of the reader antenna. The comparison between the measured (and scaled) and simulated read-range data is shown in Fig. 7 . It can be seen that the maximum measured read range occurs at 908 MHz, which is still within the 902-928 MHz band, and only 7 MHz (or 0.77%) shifted from the simulated read range peak, and therefore well within the finite tolerance (±5%) of the discrete lumped loading inductors. Fully printed implementations may address this issue by replacing the lumped inductors with their printed meandered equivalents. The measured read range at 908 MHz is 7.77 m, which is also very close to the maximum simulated value of 8.09 m at 915 MHz. Moreover, the corresponding realized gain can be extracted from the measured data using (2) . Hence, the measured G r,tag is found to be −5.11 dB at 908 MHz, which again closely corroborates the simulated realized gain of −4.68 dB at 915 MHz. The E-and H-plane read-range patterns were also measured for the designed tag antenna at 908 MHz (where the tag antenna exhibits maximum read range), and are shown in Fig. 8 with an angular resolution of 10 • in each plane. Once again, the measurement was done by reducing the EIRP of the reader antenna, and then the measured data were scaled using (4). It can be easily noticed that the E-and H-plane readrange patterns are identical to the E-and H-plane radiation patterns of a dipole antenna, confirming the fabricated RFID antenna's omnidirectional coverage area.
IV. COMPARISON
A comparison of the free-space read range performance between the designed RFID tag antenna and other dipole-like tag antennas referenced earlier has been presented in Table 1 . To enable a proper comparison, the read ranges were scaled using the available data to match 4 W reader EIRP and −18.5 dBm chip wake-up power. The scaled data are marked in the Table using asterisks.
It can be seen that despite having the smallest overall dimension (i.e., highest level of miniaturization), our proposed antenna demonstrates a better read range than most of the other examples. Although the antenna reported in [13] has a slightly longer read range, it must be noted that the antenna is approximately twice as long compared to the proposed antenna, and five times as large in terms of the overall area.
V. CONCLUSION
In this work, a 75%-miniaturized (i.e., l = 0.125λ) printed folded dipole antenna was designed for excellent conjugate matching with respect to the complex impedance of an IC, without any external matching network. The performance of the designed RFID tag antenna was demonstrated using both simulations and measurements. Future considerations would include determining the effect on the miniaturized RFID tag antenna of nearby reflective or high-permittivity, lossy media, and compensation mechanisms or redesign using the proposed technique. His current mission is to foster a strong collaboration between industry and academia and stimulate more industry relevant research in wireless technologies. The research conducted through this industrial chair program will allow ICT (information and communications technology) innovations to be applied to the areas of intelligent integrated sensors and antennas to improve the productivity of the oil-energy sector and to sustain its growth.
Dr. Mousavi has more than 180 refereed journal and conference articles and several patents in this field. His research interests are in the areas of advanced intelligent antenna, microwave and millimetre-waves circuits and systems, 5G phased array antennas, UWB radar systems, 3-D printing electronics and Zero-power IoT. He is currently an Associate Professor with the Department of Electrical and Computer Engineering, University of Alberta, Edmonton, AB, Canada, where he leads a team of graduate students investigating novel RF/microwave circuits and techniques, fundamental electromagnetic theory, antennas, and engineered metamaterials, with an emphasis on their applications to microwave and optical devices, defense technologies, and biomedicine. He has co-authored a number of highly cited papers and book chapters on the subject of metamaterials.
Dr 
